Introduction {#j_jvetres-2017-0036_s_001}
============

Porcine respiratory disease complex (PRDC) is a serious health problem in pork production worldwide ([@j_jvetres-2017-0036_ref_019]). PRDC can be caused by a combination of viral and/or bacterial agents. The most common pathogens involved in the disease are swine influenza virus (SIV), porcine reproductive and respiratory syndrome virus (PRRSV), *Actinobacillus pleuropneumoniae* (App), *Pasteurella multocida* (Pm), and*Mycoplasma hyopneumoniae* (Mhp) ([@j_jvetres-2017-0036_ref_022]). It has been shown that bacterial-viral co-infections can exacerbate the pathogenicity of respiratory diseases ([@j_jvetres-2017-0036_ref_017], [@j_jvetres-2017-0036_ref_023], [@j_jvetres-2017-0036_ref_026], [@j_jvetres-2017-0036_ref_028]). SIV, an aetiological agent of swine influenza (SI), is considered a primary pathogen, able to cause the disease in single-infected animals, but it can also act simultaneously with other agents. In an uncomplicated SIV infection mortality is low (\<1%) and recovery occurs within 5--7 days ([@j_jvetres-2017-0036_ref_020]). However, secondary bacterial infections can increase SI severity and mortality rates ([@j_jvetres-2017-0036_ref_020], [@j_jvetres-2017-0036_ref_029]). App, an aetiological agent of fibrino-haemorrhagic necrotising pleuropneumonia, is considered both a primary and secondary pathogen ([@j_jvetres-2017-0036_ref_008], [@j_jvetres-2017-0036_ref_014]). At present, there are 16 recognised serotypes of App with a considerable variation in virulence potential ([@j_jvetres-2017-0036_ref_007], [@j_jvetres-2017-0036_ref_014]). In Eastern Europe, the main serotypes are 2, 1, 9, 6, 7, and 8, with the dominance of serotype 2 in Poland ([@j_jvetres-2017-0036_ref_015]). Respiratory signs due to SI are the result of direct tissue damage by a replicating virus and are also related to the proinflammatory response of the host ([@j_jvetres-2017-0036_ref_004], [@j_jvetres-2017-0036_ref_024], [@j_jvetres-2017-0036_ref_025], [@j_jvetres-2017-0036_ref_030]). Additionally, the clinical outcome induced by App is a result of a direct, devastating effect of App exacerbated by the induction of proinflammatory cytokines ([@j_jvetres-2017-0036_ref_001], [@j_jvetres-2017-0036_ref_006], [@j_jvetres-2017-0036_ref_009], [@j_jvetres-2017-0036_ref_010]). The aim of the present study was to investigate and compare the innate immune response in the lungs of pigs after single or dual inoculation with SIV and App.

Material and Methods {#j_jvetres-2017-0036_s_002}
====================

Virus and bacteria {#j_jvetres-2017-0036_s_002_s_001}
------------------

The recently circulating in Poland avian-like H1N1 SIV (A/Poland/Swine/14131/2014; hereinafter referred to as SwH1N1), isolated from the lungs of a pig suffering from acute SI, was used for the inoculation of pigs. App serotype 2 (App2), strain 4226, kindly provided by Marcelo Gottschalk (Université de Montréal, Canada) was used as a bacterial pathogen.

Experimental design {#j_jvetres-2017-0036_s_002_s_002}
-------------------

A total of 37 seven-week-old pigs from an influenza and App negative farm were used in the experiment. Animals were randomly divided into four groups: App (n=11), App+SIV (n=11), SIV (n=11), and control (n=4). No evidence of streptococcosis or progressive atrophic rhinitis (PAR) was recorded in the herd based on clinical, serological, and pathological examinations.

Prior to the start of the experiment, all pigs were free of the influenza A virus and App2 antibodies, as determined by haemagglutination inhibition assays, using an A/Poland/Swine/14131/2014 (H1N1), A/swine/England/96 (H1N2), A/swine/Flanders/1/98 (H3N2), pdm-like H1N1 (A/swine/Poland/031951/12), and ID Screen APP 2 Indirect (ID.vet) ELISA. They were also free of antibodies to ApxIV, the toxin common to all App serotypes, as determined by an APP-ApxIV Ab Test (IDEXX, USA).

Pigs were housed at a BSL3 animal facility, an independent unit being provided for each group. On day 0, pigs from SIV and App+SIV groups were inoculated intranasally (IN) with SwH1N1 (10^7^ TCID50 in 3 mL of phosphate-buffered saline (PBS)). Pigs from App and App+SIV groups were challenged IN with App2 (3.9 × 10^8^ cfu App2 in 3 mL of PBS). Four mock-inoculated pigs with PBS served as controls.

Clinical examination of pigs (rectal temperature, respiratory and general signs) was performed daily, from day 7 before inoculation until 10 days post inoculation (dpi) or until euthanasia (at 2 or 4 dpi). Fever was recorded when the rectal temperature was equal or higher than 40°C. Three piglets per inoculated group were euthanised at 2 and 4 dpi. The remaining inoculated and control pigs were euthanised at 10 dpi. Complete necropsy was performed on each animal, with special emphasis on the respiratory tract. Lung lesions (SI-like) were scored, using the method developed by Madec and Kobisch ([@j_jvetres-2017-0036_ref_021]) according to the procedure described previously ([@j_jvetres-2017-0036_ref_025]). In addition, App-like lesions in the lungs were assessed at necropsy according to the method described previously ([@j_jvetres-2017-0036_ref_027]). Samples from cranial, middle, and accessory lobes of the right lung (all lobes separately) were collected during necropsy for estimation of cytokine concentration.

Cytokine concentration in the lungs {#j_jvetres-2017-0036_s_002_s_003}
-----------------------------------

The samples from cranial, middle, and accessory right lobes were collected from control and infected pigs ([@j_jvetres-2017-0036_ref_025]). One gram of lung tissue was suspended in 1 mL of PBS, pH 7.4, (1:1 w/v) and frozen, before being homogenised. Next, the samples were centrifuged at 2,440 × g for 10 min. The supernatants were collected and stored at --70°C, for up to a maximum of one month. Cytokine concentration was analysed with the use of porcine cytokine ELISA kits: Porcine IL-8, IL-10, IFN-γ, and TNF-α from the Invitrogen Corporation (Camarillo, USA); Porcine IL-1β and IFN-α from RayBiotech (Norcross, USA) and IL-6 Pig ELISA Kit from Abcam (Cambridge, UK). Detection limits for the kits were: 6 pg/mL (IL-1β), 45 pg/mL (IL-6), 10 pg/mL (IL-8), 3 pg/mL (IL-10), 2 pg/mL (IFN-α), 2 pg/mL (IFN-γ), and 3 pg/mL (TNF-α), respectively. All tests were conducted according to manufacturers' recommendations. The quantity of cytokines was calculated, based on a standard curve for each cytokine, with the use of FindGraph software. For statistical analyses, levels lower than the detection limits were set as detection limit (in pg/mL) minus 1 (1 pg/mL for IFN-γ, 9 pg/mL for IL-8, and 2 pg/mL for IL-10).

Statistical analysis {#j_jvetres-2017-0036_s_002_s_004}
--------------------

The obtained data were subjected to a W. Shapiro-Wilk test for normality and Levene's test for equality of variances. After rejection of normality and variance homogeneity, differences between means were tested for statistical significance, using a nonparametric Kruskal-Wallis test, with post-hoc multiple comparisons for the comparison of all pairs. Differences were considered as significant at P \< 0.05. All calculations were performed with Statistica 8.0 (Statsoft).

Results {#j_jvetres-2017-0036_s_003}
=======

Seven piglets inoculated with SwH1N1 and nine inoculated with App had a short-term fever (40.0--41.0°C). In the group inoculated with both pathogens, long-term (over three days) fever was observed in all animals. The most severe course of the disease was observed in co-infected piglets (all piglets demonstrated at least one clinical sign). In pigs inoculated with SIV only, clinical signs were recorded in 8/11 animals, while in the group inoculated with App, only 5/11 pigs had clinical signs of respiratory infection. No symptoms were observed in control pigs.

All animals from the SIV and App+SIV groups had lung lesions characteristic of SIV infection (lung score from 1 to 9 in SIV and from 1 to 15 in App+SIV). The influenza-like lesions were also observed in 3/11 pigs from the App group (lung score of 1, 1, and 4). The App-like lesions were observed only in animals inoculated with App (App and App+SIV groups). The control pigs showed no pathological lesions. The typical lesions observed in experimental pigs are presented in [Fig. 1](#j_jvetres-2017-0036_fig_001){ref-type="fig"}.

![Gross lung lesions observed on the 4^th^ day post-inoculation (dpi) in pigs singly or doubly inoculated with SIV and/or App](jvetres-61-259-g001){#j_jvetres-2017-0036_fig_001}

Detailed data on the mean (±SD) cytokine concentrations in the lungs of experimental pigs are presented in [Fig. 2](#j_jvetres-2017-0036_fig_002){ref-type="fig"}. In general, lung concentrations of IL-1β, IL-6, IL-8, TNF-α, IFN-α, and IFN-γ were induced in the SIV- and App+SIV-infected pigs, while in App-infected pigs, only concentrations of IL-1β, IL-6, IL-8, and IFN-γ were elevated ([Fig. 2](#j_jvetres-2017-0036_fig_002){ref-type="fig"}). The lung concentration of IL-10 remained unchanged during the entire study in each tested group (P ≥ 0.05).

![Concentration of cytokines in lung samples from pigs inoculated with SIV and/or App; a -- significant difference between App-infected group and control group; b -- significant difference between SIV-infected group and control group; c -- significant difference between App+SIV-infected group and control group; d -- significant difference between App+SIV-infected group and App-infected group; e -- significant difference between App+SIV-infected group and SIV-infected group; f -- significant difference between App-infected group and SIV-infected group](jvetres-61-259-g002){#j_jvetres-2017-0036_fig_002}

On 2 dpi, the concentrations of IL-8, IFN-γ, and IL-6 were significantly higher in all infected groups, compared to controls (P \< 0.05) with respect to all evaluated parts of the lung for IL-8, the middle and accessory lobes for IFN-γ, and the middle lobe for IL-6 (P \< 0.05). In the SIV- and App+SIV-infected groups, a higher concentration of IL-6 in the apical lobes was also noted in comparison to control group. In the App- and App+SIV-infected pigs, significantly higher concentration of IL-1β as compared to control group was observed in all lobes and in apical and middle lobes, respectively. The concentrations of TNF-α and IFN-α were significantly higher in the SIV- and App+SIV-infected pigs, compared to controls. Furthermore, statistically significant differences in cytokine concentration between the inoculated groups were also detected. In the App+SIV-infected pigs, the concentration of IL-8 in the middle lobe was significantly greater than in the single-infected groups (P \< 0.05). Moreover, the level of IL-8 was significantly higher in the lungs of App-infected pigs than the SIV-infected group (P \< 0.05). At the same time, by contrast, the concentrations of IL-6 and IFN-α were significantly greater in the SIV-infected group than in the App-infected group (P \< 0.05).

On 4 dpi, similarly to the previous rating, the concentrations of IL-8, IFN-γ, and IL-6 were significantly higher in all infected groups compared to controls (P \< 0.05) with respect to all lobes for IL-8, the middle lobe for IFN-γ, and the middle and accessory lobes for IL-6. Also, in the SIV- and App+SIV-infected groups, significantly higher concentration of IL-6 in the apical lobe was observed in comparison to controls. Moreover, significantly higher concentrations of IFN-γ than in control pigs were detected in the SIV- and App+SIV-infected groups (P \< 0.05) with regard to the accessory and apical lobes, respectively. With respect to IL-1β, its concentration was still significantly higher in the App- and App+SIV-infected groups compared to controls (P \< 0.05). At this time-point, with respect to TNF-α, a significantly higher concentration was detected only in the SIV-infected group compared to controls (P \< 0.05), whereas the concentration of IFN-α was still significantly higher in the SIV- and App+SIV-infected groups as compared to control group (P \< 0.05). Furthermore, similarly to the previous time-point with respect to IL-8, its concentration was significantly higher in all lobes in double-infected group compared to the single-infected groups (P \< 0.05). Similarly to 2 dpi, the concentration of IL-8 was significantly greater in the App-infected group than in the SIV-infected animals (P \< 0.05). The concentration of IFN-α was significantly higher in the App+SIV-infected group compared to single-infected pigs (P \< 0.05). At that time-point, the differences in IFN-α concentration between the SIV- and App-infected groups were also statistically significant (P \< 0.05). The concentration of IL-1β was significantly higher in the App+SIV-infected group compared to single-infected pigs (P \< 0.05).

On day 10, only the concentrations of IL-8, IL-1β, and IFN-α, in some cases, were still significantly higher compared to controls (P \< 0.05). Also, at this time-point, the concentration of IL-8 in the double-infected pigs was significantly higher compared to the SIV-infected and App-infected groups (P \< 0.05). Regarding IL-1β, its concentration was significantly greater in all infected groups, compared to controls (P \< 0.05). The concentration of IFN-α was still significantly higher in double-infected pigs, compared to controls. Moreover, the differences in IFN-α concentration between double-infected and SIV-infected pigs were also still significant (P \< 0.05).

Discussion {#j_jvetres-2017-0036_s_004}
==========

In this study, the effect of single infection with App or SIV and dual infection with both pathogens was evaluated. There are several papers confirming the role of App and SIV as potent inducers of inflammatory mediators in the pig respiratory system ([@j_jvetres-2017-0036_ref_001], [@j_jvetres-2017-0036_ref_009], [@j_jvetres-2017-0036_ref_024], [@j_jvetres-2017-0036_ref_025], [@j_jvetres-2017-0036_ref_029], [@j_jvetres-2017-0036_ref_030]). However, to the best of the authors' knowledge, this is the first attempt to investigate the effect of the co-infection with App and SIV on the cytokine profile in the lungs.

Our data indicated that App infection alone increases the lung concentration of IL-1β, IL-6, IL-8, and IFN-γ. Moreover, on 2 and 4 dpi, the concentration of IL-8 was significantly higher in App-infected pigs than in SIV-infected pigs. According to a previous study, expression of cytokines, such as IL-1, IL-6, and IL-8, was associated with the development of pleuropneumonia and enhancement of disease severity ([@j_jvetres-2017-0036_ref_001]). Similarly to the current investigation, the authors of the aforementioned study evaluated the level of TNF-α expression and concluded that this cytokine is not actively expressed during pleuropneumoniae. Likewise, Benga *et al*. ([@j_jvetres-2017-0036_ref_005]) did not detect any TNF-α in porcine plasma and bronchoalveolar lavage fluid (BALF) before and after infection with App. By contrast, Chen *et al*. ([@j_jvetres-2017-0036_ref_009]) demonstrated the markedly increased concentration of TNF-α, IL-1β, and IL-8, but not IL-6, in porcine alveolar macrophage (PAM) culture supernatant stimulated with an App ApxI toxin. On the other hand, another study indicated that the experimental infection of pigs with App serotype 2 only induced detectable serum levels of IL-6 and the occurrence of IL-6 positive animals coincided with the onset of clinical signs of disease and increased body temperature ([@j_jvetres-2017-0036_ref_013]). Furthermore, the current study indicated that pigs infected with App alone had a significantly higher concentration of lung IFN-γ than controls. The role of IFN-γ in the immunopathogenesis of pleuropneumoniae has not been clearly defined. In previous studies, the experimental infection of pigs with App did not induce detectable serum levels of IFN-γ ([@j_jvetres-2017-0036_ref_002], [@j_jvetres-2017-0036_ref_013]). The lack of detectable levels of IFN-γ may be a result of the short biological half-life of this cytokine in systemic circulation ([@j_jvetres-2017-0036_ref_016]). In another study, by contrast, a positive correlation between the plasma concentration of IFN-γ at 4 dpi and clinical scores in pigs infected with App was observed ([@j_jvetres-2017-0036_ref_005]). In the present study, no changes in the local lung amounts of IL-10 were observed, which is in accordance with the previous studies ([@j_jvetres-2017-0036_ref_005], [@j_jvetres-2017-0036_ref_031]). Contradictory findings between studies, referring to various cytokine profiles, may be due to varying study design (*in vivo* vs *in vitro*) and the components used for inoculation. The type of sample (serum and tissue homogenate) may also be important.

SIV infection alone induced inflammatory mediators with a broader range than App infection alone. Beyond IL-1β, IL-6, IL-8, and IFN-γ, pigs infected with SIV showed increased concentrations of TNF-α and IFN-α. Moreover, at 2 and 4 dpi, the concentration of IFN-α was significantly higher in SIV-infected pigs than in App-infected pigs. In addition, at 2 dpi, the concentration of IL-6 was markedly higher in SIV-infected pigs, compared to App-infected pigs. A previous study in which the same virus was used for inoculation demonstrated a significant increase in IL-1β, IL-6, IL-8, IL-10, TNF-α, and IFN-γ levels following SIV infection, and the increase in the concentrations of IL-1β, IL-8, and TNF-α was positively correlated with lung lesions ([@j_jvetres-2017-0036_ref_025]). The main difference between our results and the aforementioned study concerned the concentrations of IL-1β and IL-10. In the previous study, both cytokines were significantly elevated during the entire experiment (*i.e*. on 2, 7, and 10 dpi) ([@j_jvetres-2017-0036_ref_025]). By contrast, in the present study the increments of IL-1β concentration were only observed at 10 dpi and no changes in IL-10 amounts were detected at any time-point post infection. The difference in cytokine profiles may be due to the different routes of infection (intratracheal *vs* intranasal) and type of specimen for analysis (trachea and lung tissue *vs* only lung tissue). The early appearance of IL-1 (24--30 h post infection) was also detected by Barbé *et al*. ([@j_jvetres-2017-0036_ref_004]). However, differences in the IL-1 concentration were observed in BALF, but not in the lung and serum samples. Furthermore, in pigs infected with SIV, the broader range of cytokines coincided with more severe clinical signs and lung lesions compared to App-infected animals. It may be stated that the appearance of a broader range of cytokines was responsible for excessive clinical signs and lung pathology in SIV-infected pigs compared to App-infected pigs. However, according to Damjanovic *et al*. ([@j_jvetres-2017-0036_ref_011]), TNF-α has an immunosuppressive role during influenza infection and the lack of this cytokine results in unregulated inflammatory responses and tissue immunopathology. Also, IL-6 plays an essential role in orchestrating anti-viral immunity, through an ability to limit inflammation, promote protective adaptive immune responses, and prevent fatal immunopathology ([@j_jvetres-2017-0036_ref_018]). Meanwhile, a direct correlation between high morbidity and mortality of mice and high IFNαβ levels, in response to influenza infection, were recorded ([@j_jvetres-2017-0036_ref_012]). It has also been shown that in pigs infected with SIV, injection with IFN-α neutralising antibodies delayed the onset and peak of clinical symptoms ([@j_jvetres-2017-0036_ref_003]).

Similarly to SIV, App+SIV infection enhanced the lung concentrations of IL-1β, IL-6, IL-8, TNF-α, IFN-α, and IFN-γ compared to controls. Moreover, co-infected pigs showed a significantly greater concentration of IL-1β, IL-8, and IFN-α than pigs infected with either SIV or App alone. It can be assumed that a synergistic effect between App and SIV, with respect to lung inflammatory cytokines, may partially explain the more severe clinical course of disease and lung pathology than in the case of single infections. The increased severity of pneumonia, along with a significantly greater production of pro-inflammatory cytokines, such as IL-8 and IFN-α, was also observed in pigs co-infected with SIV and *Bordetella bronchiseptica* ([@j_jvetres-2017-0036_ref_017]). Additionally, in that study, a positive correlation between IL-8 and IFN-α transcript levels and SIV replication in the lungs was recorded. Similarly, pigs co-infected with PRRSV and bacterial LPS developed acute respiratory signs, in contrast to pigs inoculated with PRRSV or LPS only. Moreover, the levels of TNF-α, IL-1, and IL-6 were markedly higher in PRRSV-LPS inoculated pigs than in single-inoculated pigs, and cytokine overproduction was associated with the disease ([@j_jvetres-2017-0036_ref_028]).

In conclusion, the obtained results indicate that the experimental infection of pigs with SIV or App alone and co-infection with both pathogens was able to induce a local lung inflammatory response. However, the local cytokine response was considerably higher in co-infected pigs, compared to single-infected pigs, suggesting that alteration in the local cytokine concentration represents an important factor through which co-infection intensifies the disease outcome. Therefore, further studies are necessary to elucidate the mechanism by which inflammatory cytokines aggravate clinical signs and lung pathology in pigs co-infected with SIV and App.
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